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ABSTRACT
DAzLE is an near infrared narrowband differential imager being built by the Institute of Astronomy, Cambridge,
in collaboration with the Anglo-Australian observatory. It is a special purpose instrument designed with a sole
aim; the detection of redshifted Lyman-α emission from star forming galaxies at z > 7. DAzLE will use pairs
of high resolution (R = 1000) narrowband filters to exploit low background ‘windows’ in the near infrared sky
emission spectrum. This will enable it to reach sensitivities of ∼ 2× 10−21Wm−2, thereby allowing the detection
of z > 7 galaxies with star formation rates as low as a few solar masses per year. The design of the instrument,
and in particular the crucial narrowband filters, are presented. The predicted performance of DAzLE including
the sensitivity, volume coverage and expected number counts, is discussed. The current status of the DAzLE
project, and its projected timeline, are also presented.
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1. INTRODUCTION
The question of how and when galaxies formed is one at the forefront of cosmology, and direct observations of
the youngest galaxies possible are a vital part of advancing our understanding of the process of galaxy formation.
While the faintness of extremely distant sources makes detailed study of them difficult important information
can be gleaned from the number densities, luminosities and clustering properties.
The use of optical wavelength narrowband filters has been very successful in detecting high redshift galaxies
via their redshifted Lyman-α emission, allowing direct observations at redshifts of up to ∼ 6.6 (see, for example,
Hu et al 20021 and Kodaira et al 20032). The impressive results obtained so far suggest it should be possible to
extend this technique to even higher redshifts, especially in light of recent data which implies that signficant star
formation was underway at z > 7 (for instance the electron scattering optical depth results from the Wilkinson
Microwave Anisotripy Probe (WMAP)3 and FeII/MGII line ratios from high redshift SDSS quasar spectra4–7).
Higher reshifts will require the use of infrared instrumentation, however, such as DAzLE.
DAzLE is a specialised near infrared narrowband differential imager designed for the detection of redshifted
Lyman-α emission from z > 7. It is being built by the Institute of Astronomy, Cambridge (IoA) in collaboration
with the Anglo-Australian Observatory (AAO), and is intended for use on the visitor focus of the ESO VLT.
DAzLE will use pairs of high resolution (R = 1000) filters closely spaced in wavelength to select line emitters via
differential imaging. The wavelengths of the filters are chosen to fall in the very low background ‘windows’ in
the sky’s OH emission line spectrum thereby giving DAzLE the sensitivity it needs to detect faint line emission
from the early universe. The DAzLE Lyman-α surveys will target fields in which deep broadband visible and
near infrared imagery is available, for instance the GOODS-Chandra Deep Field South fields. The combined
data will enable the selection of high redshift Lyman-α emitters.
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Figure 1. Schematic of DAzLE in position on the VLT Nasmyth platform. The overall height of the instrument is
approximately 4 metres.
2. INSTRUMENT DESIGN
2.1. Overview
DAzLE is a near infrared re-imaging instrument capable of operation over the wavelength range 1.0–1.8µm and
currently optimised for the range 1.06–1.33µm (which corresponds to Lyman-α redshifts of ∼ 7.7–10.0). It will
use the cryogenic camera from the CIRPASS spectrograph.8 The use of a pre-existing camera saves considerable
time and expense. At the heart of the CIRPASS camera is a HAWAII-2 2048× 2048 pixel detector. The chosen
pixel scale for DAzLE is 0.2′′ per pixel, giving a large field of view of 6.83′ × 6.83′.
Fig. 1 is a schematic of DAzLE in place on the VLT Nasmyth platform. The entire instrument is contained
within an insulated enclosure, shown in the figure as a semi-transparent box, and cooled to -40◦C to reduce
thermal infrared emission. This technique has previously been used by the IoA with CIRPASS and results in
considerable reductions in instrument background beyond that which can be achieved with blocking filters alone.
Low instrument background is crucial for DAzLE to take full advantage of the low sky backgrounds provided
by the narrowband filters. The light from the telescope enters the instrument through a collimator (not shown)
at approximately 2 metres above the Nasmyth platform, and is then directed upwards by a fold mirror to pass
through filter wheels, a cold stop, and finally into the CIRPASS camera. The instrument as a whole will stand
approximately 4 metres high.
Table 1. The 15 widest OH windows in the J-band. For each window the vacuum wavelength and intensity of the OH
line at each end are given, in A˚ and γ s−1m−2arcsec−2 respectively. The width of the window is given in A˚ and the
approximate atmospheric transmission as a percentage. The first column gives the Lyman-α redshift corresponding to
the centre of the window.
zc Start Line Width End Line Trans. Comments
λ Int. λ Int. (%)
7.68 10528.0 13.55 47.3 10575.2 2.51 100 Clean window.
7.73 10589.2 4.93 54.3 10643.4 0.75 100 Clean window.
7.88 10775.1 11.68 57.1 10832.2 8.98 100 Clean window.
8.14 11090.4 22.23 50.4 11140.7 4.28 90 Clean window.
8.38 11377.2 14.66 60.6 11437.8 11.04 80 Possible contamination.
8.60 11651.0 57.73 45.3 11696.3 13.68 95 Some contamination.
8.66 11716.5 30.11 54.1 11770.7 6.05 95 Possible contamination.
8.72 11788.5 12.14 62.7 11851.2 2.07 95 Clean window.
8.79 11867.1 3.85 71.0 11938.0 0.55 95 Some contamination.
8.94 12055.9 16.90 64.5 12120.4 12.46 95 Some contamination.
9.18 12351.9 68.99 48.9 12400.8 16.89 100 Some contamination.
9.24 12423.7 37.60 58.8 12482.5 7.88 100 Some contamination.
9.84 13157.1 78.19 53.7 13210.8 19.80 95 Clean window.
9.91 13236.9 44.57 64.8 13301.8 9.76 90 Some contamination.
9.99 13325.2 20.5 75.7 13401.0 3.81 80 Clean window.
2.2. Narrowband Filters
As mentioned in Sect. 1 DAzLE gets the sensitivity it needs by exploiting low background windows in the sky
emission spectrum with very narrowband filters. The first step in the design of the DAzLE filters was therefore
to indentify the best windows to use. The majority of the sky background is in the form of emision lines from
OH radicals in the upper atmosphere. To find the widest gaps between OH lines we used the theoretical line list
prepared by Rousselot et al,9 which is based on the energy levels published by Abrams et al10 and the transition
probabilities due to Mies.11 The Rousselot et al line list gives only relative intensities, and so before use it was
calibrated by comparision to the observed OH line intensities of Maihara et al.12
At this point it is possible to compile a list of the widest gaps in the OH emission spectrum. The OH
lines are not the only emission lines in the sky spectrum however, and so the gaps were checked for O2 lines or
other contamination by inspecting an ISAAC observed sky spectrum, also published by Rousselot et al.9 In
addition the atmospheric transmission for the gap wavelengths was obtained from data published by the Gemini
Observatory. This data was generated by the ATRAN modelling software due to Lord.13 The remaining J-band
windows not compromised by O2 emission or atmospheric absorption are listed in Table 1.
In order to specify the filters for DAzLE it was then necessary to select windows from this list. The DAzLE
differential imaging concept calls for pairs of filters, ideally as close together in wavelength as possible to give good
subtraction of sky background and continuum sources. It seems prudent in the first instance to target relatively
low redshifts. The first two windows in the J-band, at ∼ 1.06µm, are ideal for the first DAzLE filter pair. Their
central redshifts of 7.68 and 7.73 do not represent an unreasonable leap up from the current Lyman-α detections
at z ∼ 6.6 however the difference is sufficient to be scientifically interesting. To continue the experiment to higher
redshifts a second set of filters will be needed. The next set of closely spaced windows are the four clustered
around 1.18µm. The two cleanest windows, centred on redshifts of 8.66 and 8.72, are favoured for the second
DAzLE filter pair.
Figure 2. DAzLE narrowband filter profiles. The dashed, solid and dotted lines are for the centre, edge and corner of
the field of view respectively. The Rousellot et al sky spectrum is also plotted.
Table 2. Narrowband filter properties.
Central wavelengh/µm 1.0563 1.0631
FWHM/A˚ 8 9
Peak transmission 72% 72%
Blocking OD (0.5–1.5µm) > 5 > 5
Clear diameter/mm 110 110
Due to the faintness of the sources that DAzLE is designed to detect sensitivity is the overriding concern. For
this reason we have chosen to maximise sensitivity by matching the width of the DAzLE filters to the expected
line widths of the Lyα emitters despite the fact that a wider filter would survey a wider redshift slice and hence
a greater volume. The specified FWHM of the DAzLE filters is 10A˚, which corresponds to a velocity dispersion
of approximately 300 km s−1, towards the upper end of what might be expected for the width of a Lyman-α line
from a high redshift galaxy.
The filter width is also constrained by the width of the OH windows. The selected windows have widths
of ∼ 50A˚ which is five times the specified width of the filters, however the central wavelengths of a multilayer
interference filters such as those used by DAzLE depend on the angle of incidence of the light. In DAzLE this
‘phase effect’ results in a shift to bluewards of the filter central wavelength as you move outwards from the centre
of the field of view. This wavelength shift amounts to -30A˚ between the field centre and corners. As a result
filter bandpasses any greater than 10A˚ would make it impossible to avoid the filter wings overlapping with an
OH line for either small or large field angles.
Over the range 1-1.8µm the total flux in OH lines is ∼ 30 times the total continuum emission. A high level
of off-band blocking is therefore required to prevent the OH lines from significantly adding to the total sky
background. An optical density (OD) of > 5 has been specified which will ensure the off-band contribution is
less than 1/4 that of the ∼ 10A˚ of continuum seen through the filter.
The DAzLE filters represent a considerable manufacturing challenge. The AAO entered into detailed dis-
cussions with Barr Associates Inc., the chosen manufacturer, in order to arrive at a design which met our
Figure 3. Layout of the DAzLE optical design. The path of light rays from three different points in the field of view are
shown. The upper and lower ray bundle are the same distance from the centre (4.83′) as the corners of the field of view.
For scale, the distance from the front surface of the first lens to the sente of the fold mirror is 1.46m.
requirements while remaining practical. This process included the reverse-engineering of the filter designs by the
AAO to better understand the factors driving the complexity of the filters and the trade offs between the filters’
different properties.14, 15 As result of this consulation process two options were offered by Barr, one design based
on standard techniques and a second using an new filter fabrication technology currently under development.
The experimental technique was chosen as it promised higher transmission and reduced costs. The final design
employs 120mm diameter multilayer interference filters with a filter glass substrate.
The first pair of filters has been delivered by Barr together with extensive data on their performance. Both
meet the OD> 5 blocking requirement, in fact for most of the wavelength range the OD exceeds 6. The filter
transmission profiles are plotted in Fig. 2. To illustrate the phase effect the profiles are shown for the centre,
edge and corner of the field of view. Also plotted is the sky spectrum observed using ISAAC by Rousselot et al.9
The key properties of these filters are listed in Table 2. The central wavelengths given in the table are for zero
field angle.
2.3. Optical Design
Fig. 3 is a schematic of the DAzLE optical design. DAzLE is a Nasmyth focus instrument and so the collimator
accepts a horizontal beam from the telescope. However, the CIRPASS camera must be mounted vertically and
therefore a fold mirror is required between collimator and camera. The collimated space contains a mask wheel
(not shown), the narrowband filter wheel (one filter shown), and a cold stop at the pupil image. Blocking filters
are positioned in filter wheels between lenses 3 and 4 of the camera, and immediately in front of the detector.
Collimator and camera contain five elements each, and all lens surfaces are spherical.
Figure 4. The main structural elements of DAzLE during trial assembly. The overal height of the structure shown is 2.4
metres.
Table 3. Minimum ensquared energies.
Wavelength (µm) 1.06 1.19 1.33 1.70 Diff. limit
1 pixel 74% 77% 76% 67% 96–94%
2× 2 pixels 99% 99% 98% 94% 99.8–98%
DAzLE observations with a given filter pair are essentially monochromatic and so there is no need for
achromatisation of the optics. The change in operating wavelength when switching from one filter set to another
will be accomodated by refocussing of the camera and collimator. The collimator is refocussed by movements
of the rear lens triplet. The front doublet is fixed in position as it will act as a ‘double-glazed’ window for the
instrument’s refrigerated enclosure.
The optical design produces images with a scale of 0.2′′ per pixel and < 1% distortion. The image quality is
excellent throughout the J-band and remains good for H-band wavelengths. Table 3 lists the minimum values of
the ensquared energy over the field of view for wavelengths of 1.06, 1.19, 1.33 and 1.70µm. It also includes the
diffraction limits for this range of wavelengths. The ability to focus ∼ 75% of the incident energy within a single
pixel’s width (0.2′′) for all J-band wavelengths means that DAzLE’s performance will always be seeing limited
under anticipated VLT observing conditions.
The expected on-band optical throughput of DAzLE taking into account all optical surfaces, blocking filters
and narrowband filters, is 0.32. The total efficiency of the DAzLE-VLT combination, from photons entering the
atmosphere to electrons at the detector, is estimated to be 0.13, which is comparable to other VLT near infrared
Figure 5. The camera rotator assembly design.
imaging instruments such as ISAAC.
2.4. Structural Design
The optical axis at the VLT Nasmyth foci is over 2 metres above the Nasmyth platform. Consequently, the weight
of the CIRPASS camera and DAzLE optics must be supported at this considerable height by a fairly substantial
structure. Furthermore, as the VLT is situated in a region prone to earthquakes, the support structure must be
stronger and more rigid that would be required just to support the weight of the instrument without distortion.
Using FEA the AAO have designed an welded steel structure which is extremely stiff, strong, and earthquake
resistant. The main elements of the structure are shown in Fig. 4.
2.5. Field Rotation Compensation
As, like almost all modern astronomical telescopes, the VLT has an altitude-azimuth mount its instruments must
compensate for the apparent rotation of their fields of view. The most common methods of achieving this are
to either mount the instrument to an ‘adaptor-rotator’ which physically rotates the entire instrument to match
the field rotaton or to use optical de-rotators such as rotating dove prisms or ‘K-mirror’ de-rotators. Neither
of these methods is entirely satisfactory for DAzLE, however. Optical de-rotators are undesirable because they
introduce additional optical surfaces, thereby reducing throughput, and DAzLE’s large field of view would require
extremely large and costly de-rotator optics. The adaptor-rotator cannot be used instead because of the need to
keep the CIRPASS camera vertical.
The solution for DAzLE is to rotate just the CIRPASS camera. Rotating the camera about its axis compen-
sates for field rotation without tilting the camera and requires no additional optical surfaces. The rotator design
is illustrated in Fig. 5. A closed loop control system using a magnetic positon encoder will provide the precision
motion control required.
Figure 6. Signal-to-noise in the summed images. The dashed, solid and dotted lines are for the centre, edge and
corner of the field of view respectively. The total integration time is 36000s (15000s per filter) and the Lyman-α flux is
2× 10−21Wm−2. The source velocity dispersion is 100km s−1.
3. EXPECTED CAPABILITIES
3.1. Sensitivity
The expected sensitivity of DAzLE has been determined by calculating the signal-to-noise ratio as a function of
redshift for a model Lyman-α emitter. The model Lyman-α emitter spectrum used intrinsic Lyman-α lines with
Guassian profiles and FWHM velocity dispersions of 100 or 300 km s−1. It was assumed that the blue half of the
line is absorbed by the IGM, so that the observed Lyman-α line appears as a ‘half-Gaussian’. This is a highly
simplified model but sufficient for sensitivity estimates. See, for example, Santos 200416 for detailed discussion
of the likely observable properties of high redshift Lyman-α emitters. To predict the sky background the model
sky spectrum employed by the ESO exposure time calculators was used. This model uses the Rousselot et al
theoretical line list9 together with a continuum emission model and scales the intensities to match the observed
broadband sky brightness at Paranal. Detector dark current and read noise were also included in the calculations,
but at all times the results were sky background limited.
The baseline observation sequence used was a total integration time of 36000 seconds, divided into 60 5 minute
exposures for each of the two filters. The key result is that DAzLE will have a sensitivity of ∼ 2×10−21Wm−2. At
this Lyα line intensity the 36000s differenced image has a signal-to-noise ratio of ∼ 3, which would be considered
a marginal detection. This is all that’s required of the differenced image, however, as once a possible line emitter
has been located in the differenced image the corresponding position in the single filter images can be examined.
The single filter image containing the Lyα signal will have a signal-to-noise approximately
√
2 times that of the
differenced image as it contains the same signal but has noise contributions from only half the exposures.
Figs. 6 and 7 are plots of signal-to-noise ratio in the summed single filter images as a function of Lyman-α
emitter redshift. Fig. 6 is for an intrinsic velocity dispersio of 100 km s−1 while Fig. 7 is the result for 300
km s−1. The dotted, solid and dashed curves are for field angles of 0′, 3.413′ and 4.827′ respectively, which
correspond to the centre, edge and corners of the field of view. The wavelength shift caused by the phase effect
results in DAzLE probing slightly different redshifts in different parts of its field of view. The signal-to-noise in
the summed images generally peaks at ∼ 4–5, which are reasonably robust detections.
Figure 7. Signal-to-noise in the summed images. The dashed, solid and dotted lines are for the centre, edge and
corner of the field of view respectively. The total integration time is 36000s (15000s per filter) and the Lyman-α flux is
2× 10−21Wm−2. The source velocity dispersion is 300km s−1.
3.2. Volume Surveyed
The widths of the signal-to-noise peaks in Figs. 6 and 7 show the thicknesses of the ‘redshift slices’ that the DAzLE
filters survey. Defining the redshift slice as the interval over which the 5σ sensitivity limit is ≤ 5× 10−21Wm−2
results in average widths of ∼ 0.008 for both filters. Using the concordance cosmology (H0 = 70km s−1Mpc−1,
ΩM = 0.30, ΩΛ = 0.7) this redshift interval converts to a line of sight comoving distance of ∼ 2.4Mpc at z ∼ 7.70.
At the same redshift the DAzLE field of view, 6.83′ × 6.83′, equates to 17.6Mpc×17.6Mpc. The total comoving
volume surveyed by the filter pair in a single pointing is approximately 1600Mpc3.
3.3. Number Counts
There are many poorly constrained parameters which determine the observed luminosity of a high redshift
Lyman-α emitter. These include the star formation rate, the escape fraction of ionising photons, dust, the
velocity dispersion, galactic winds, the size of the HII region surrounding the galaxy and the ionisation state of
the intergalactic medium. The influence of all these factors makes it difficult to relate the DAzLE sensitivity
to particular properties of high redshift galaxies such as a given star formation rate, however the sensitivity
limit should correspond approximately to star formation rates of a few solar masses per year.16 The lack of
firm constraints on the Lyman-α luminosity function at the DAzLE target redshifts makes predictions of the
expected numbers of detections difficult. Predicted z > 7 Lyman-α luminosity functions in the literature vary
widely. For example, the modelling of Thommes and Heisenheimer predicts 0.2–10 or 0.04–8 Lyman-α emitters
brighter than 2× 10−21Wm−2 per 1600Mpc3 at redshifts of 6.6 and 9.3 respectively.17 In contrast, Barton et al
predict 140 Lyman-α emitters per 1600Mpc3 at z = 8.227 for the same flux limit.18 Stiavelli, Fall and Panagia,
on the other hand, predict ∼ 1 Lyman-α emitter per 1600Mpc3 brighter than 2×10−21Wm−2 at z > 6.19 Given
these predictions 1–10 detectable Lyman-α emitters per DAzLE field does not seem unreasonable, however this
figure is very uncertain. This level of uncertainty reflects, in part, how much we can learn from high redshift
Lyman-α surveys.
4. SUMMARY AND TIMELINE
DAzLE is a special purpose near infrared narrowband differential imager with the sole purpose of detecting
redshifted Lyman-α emission from star forming galaxies at z > 7. It is being built by the Institute of Astronomy,
Cambridge, in collaboration with the Anglo-Australian Observatory, and is intended to be a visitor instrument
for the ESO VLT. DAzLE will use high resolution (R = 1000) filters in order to exploit low background windows
in the sky emission spectrum. This will enable DAzLE to reach sensitivities of ∼ 2× 10−21Wm−2 in 10 hours .
This impressive sensitivity will enable DAzLE to detect z > 7 galaxies with star formation rates as low as a few
solar masses per year. With each pointing DAzLE will survey a comoving volume of ∼ 1600Mpc3. Published
predictions for z > 7 Lyman-α emitter abundances and luminosities vary widely, however it is not unreasonble
to expect DAzLE to detect of order 1–10 Lyman-α emitters per pointing.
At the time of writing DAzLE is well on the way to completion. All major components, such as the support
structure, optics and filters have already been manufactured. The cryogenic camera to be used within DAzLE
is already tried and tested, having been used on numerous occasions in the CIRPASS spectrograph. Integration
and testing are now in progress at the IoA, and the instrument is expected to be completed by Dec 2004. It is
hoped that commissioning will take place in Q2-Q3 2005, with a program of science observations of the GOODS-
Chandra Deep Field South taking place in Q3-Q4 2005. We plan to acquire the second narrowband filter pair in
2006 while continuing the science program.
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